(Received for publication, November 6, 1922.) For some time one of us has been interested in producing agglutinating serums for Bacillus botulinus in rabbits. After many failures, due mostly to the loss of animals from botulism during immunization, a successful method was finally found, the details and results of which will be reported separately.
One of the unsuccessful methods involved washed glucose broth cultures as immunizing antigens. In testing this method a certain rabbit was inoculated intravenously on February 25, 1921, with 1 cc. of a 1:10 dilution of a heavy suspension of Bacillus botulinus 78, Type B (see Hall (1) for origin and description), which had been freed from toxin by twelve repeated changes of 0.85 per cent NaCI by the centrifugal method. The dosage was rapidly increased in succeeding inoculations at intervals of about 6 days until in the last few injections, which terminated May 9 with the fourteenth dose, 2 cc. of undiluted suspension were given. No symptoms were observed at any time and the rabbit gained weight; but several trial bleedings during and following immunization failed to reveal agglutinins.
Having in mind recent reports of reactivation of detoxified spores of Bacillus botulinus in the animal body with their possibly important implications that this organism may invade the tissues and produce its toxin in vivo, we injected this animal subcutaneously on June 15 with 10 mg. of calcium chloride. Nothing developed, and on June 21, 20 mg. were given intravenously. The following day, June 22, muscular weakness was noted; this became progressively worse and simulated chronic. botulism as seen in other rabbits. On July 7 the animal was nearly prostrate and was sacrificed. At autopsy 585 the left lung and brain were slightly hyperemic, as in botulism, and a marked induration was found at the point of injection of calcium chloride. It should be stated that the animal had severe auricular mange, but at autopsy no inflammatory extension to meninges or brain could be demonstrated. The results, while inconclusive, seemed to support the findings of Edmondson, Giltner, and Thom (2) but further and more carefully controlled experiments with guinea pigs have failed to do so.
HISTORICAL.
Nearly all the early work upon the infectivity of detoxified spores was done with B. tetani. Vaillard and Vincent (3) in 1891 showed that unheated cultures of B. tetani grown at 20-22 0 C. and that 37°C. cultures heated to 65 0 C. for 20 minutes are relatively non-toxic. Vincent (4) later found that guinea pigs injected with toxin-free spores of tetanus and kept at 40-42 0 C. develop tetanus, whereas those kept at ordinary temperatures do not. Tarozzi (5) and Canfora (6) found that heat-detoxified tetanus spores remained latent in the viscera of experimental animals as long as 3J months after inoculation. The reactivation of detoxified tetanus spores by lactic acid, trimethylamine, "Microbacillus prodigiosus," or even simple trauma had been shown by Vaillard and Vincent (3) , and in 1911 Semple (7) added quinine to the list.
In 1914 Francis (8) showed that the "washing of tetanus spores by successive suspensions and centrifugalizations in large quantities of saline solution did not rid them of their toxin," and that tetanus spores detoxified by heating to 80 0 C.
for 1 hour previous to injection may be reactivated by injection of quinine or staphylococci up to 1 month in guinea pigs and by staphylococci but not quinine up to 4 months in mice. Koser and McClelland (9) in 1917 found that the spores of certain non-pathogenic aerobes disappear rapidly from the site of inoculation and from the internal organs, whereas those of B. tetani and certain other anaerobes persist both locally and in the viscera for some weeks or even months. Teale and Bach (10) in 1920 also concluded that washed spores of aerobes, including B. anthracis, do not usually remain latent in the animal body, many being rapidly phagocytosed and destroyed, while the rest vegetate and are then more slowly phagocytosed. They found that B. welchii and B. tetani behave like aerobes, except that a small, sometimes a large, proportion do not germinate but remain latent; there appeared to be no multiplication of the washed anaerobes in the tissues. Teale and Bach found several substances to influence infection and toxemia from washed spores in guinea pigs, including lactic acid, ferric chloride, calcium chloride, oleum phosphoratum (B.P.), given subcutaneously up to 4 days after the organisms, and gelatin, charcoal, or peptone, given intraperitoneally at the same time as the organisms.
In 1919 Bullock and Cramer (11) showed that surface cultures or washed broth cultures of B. tetani, B. welchii, and vibrion septique were non-infectious for mice and guinea pigs. The same was true of B. 'demoaiens (B. novyi?), but it was difficult to remove all the toxin by washing. They found that washed suspensions could be reactivated by the readdition of the culture fluid in an amount too small to have any effect of itself in an animal. Certain ionizable salts of calcium, such as the chloride, nitrate, or acetate, had the same effect when injected either with, previous to, or within a few days after the organisms. The insoluble salts of calcium, such as the carbonate, were impotent; the chlorides of sodium, potassium, ammonium, and magnesium were without effect; strontium chloride was found to act on vibrion septique, but only in larger dosage, and less uniformly than calcium chloride; citrates, given simultaneously with calcium ion, rendered the latter innocuous. Water extracts of earth were sometimes found to be potent, but apparently not always in proportion to the calcium content. Toxins, as of diphtheria, also induced "defense rupture," or "kataphylaxis," as this phenomenon was designated by them.
Bullock and Cramer found direct contact between the bacteria and calcium to be unnecessary, since positive results were obtained when injections were made at the same time into different sites, or at different times into the same or different sites. However, more prompt and uniform results were obtained by simultaneous introduction into the same site.
They showed also that toxin-free organisms suspended in calcium chloride solution, then centrifugalized out and injected, did not produce the disease, i.e. had not acquired virulence, although the rate of growth of the bacteria was accelerated. Neither did the administration of calcium chloride render animals more susceptible to injections of the bacterial toxin alone. From these results it was concluded that the calcium produced a local tissue change at the site of injection favoring invasion and toxin production, a conclusion supported by the observation that when the organisms and calcium chloride were injected separately bacterial multiplication took place and the disease localized where the calcium was introduced.
Bullock and Cramer interpreted the patchy distribution of tetanus and gaseous gangrene in the great war as an expression of the differing calcium content of the soil in various localities.
As regards B. botulinus, Van Ermengem (12) was able to destroy the toxicity of cultures by alkali, heating, or washing, but found that when the spores were protected from phagocytosis by injection in agar, or when they were injected with lactic acid, B. prodigiosus, or Micrococcus tetragenus, they failed to initiate the disease, as had then recently been shown for tetanus. Notwithstanding, Van Ermengem and others have occasionally recovered B. botulinus from the internal organs, but, owing largely to the belief, based upon Van Ermengem's work, that B. botulinus would not grow readily at the temperature of theanimal body, the possibility of toxin-free spores, as in heated canned foods, causing botulism has been generally disregarded. Recent speculations therefore have centered about the fact that the strains of B. botulinus recovered in the United States grow more rapidly at 37 0 C. than at 25 0 C. and with equally strong toxin production.
Suggestions of the possible pathogenicity of B. botulinus appeared in the work of Shippen (13), Armstrong, Story, and Scott (14), and Orr (15, 16) , but the possibility of reactivation of toxin-free spores seemed proved by Edmondson, Giltner, and Thom (2) in their study of the action of CaC1 2 . There was a remote possibility that some cases of botulism might be due to true infection.
EXPERIMENTAL.
The guinea pigs were, except when otherwise noted, young healthy animals, weighing from 250 to 350 gm. No record was kept of the exact weights.
While our own preliminary observation was upon a rabbit injected with Strain 78, Type B, this culture was not used again, because it fails to sporulate freely. Culture 80, Type B (see Hall (1) for origin and description), was therefore used throughout the following experiments.
The culture was planted in a meat mash broth in two 1 liter flasks (about 1,800 cc. in all) and incubated at 37C. for 10 days. Two guinea pigs were given 0.001 cc. each of broth culture by mouth; one animal died, the other developed definite botulism, but finally recovered. The broth cultures were strained through gauze to remove the large particles, put in bottles, and centrifugalized at high speed for several hours. The organisms recovered were washed fourteen times in normal saline solution. We have found by much experience, as have Armstrong, Story, and Scott (14) , and Edmondson, Giltner, and Thom (2) , that a lesser number of changes usually fails to free the organisms from toxin. About one-fourth of the organisms were lost through breakage; the remainder were suspended in 100 cc. of 0.85 per cent NaCl, put in a large flask in a thin layer with considerable surface exposure to prevent multiplication, and kept in the ice chest. This suspension will be referred to as the original concentrated suspension; no accurate bacterial count was made, but the suspension was very concentrated, gray, and opaque. Spores were not so numerous as was hoped for, being present in the ratio, roughly, of one to eight vegetative forms. A dilution of 1:1,000 gave growth in brain medium on inoculation of 1 cc. The toxicity of this suspension was tested by different routes and in various doses, as shown in Experiment 1, Table I .
The data indicate that the suspension, although washed fourteen times, was still highly toxic. In order to determine whether free toxin was present, some of the suspension was filtered, together with Bacillus prodigiosus as a filter control, through a small Mandler candle. No growth could be obtained from the filtrate, either in brain medium or on agar slants, and a guinea pig showed no symptoms after receiving 2 cc. by mouth. It was therefore considered that whatever toxin was present was closely fixed upon the bacteria.
These first few animals served to establish the maximum nonsymptomatic dose of suspension as about 0.2 cc. of 1:100 or 1 cc. of 1:1,000 dilution. Certain guinea pigs that had been safely injected by cardiac puncture with these doses without developing botulism were given, after varying periods as indicated, differing doses of calcium chloride solution, made up in boiled distilled water to avoid possible carbonate precipitation. As may be seen in Experiments 2 and 3 (Table I ) when a sublethal dosage of Bacillus botulinus was used the subsequent injection of calcium chloride had no influence on the result. It is admitted that the time interval between injection of organisms and injection of calcium salt was in some cases greater than was reported to give pronounced results. Furthermore, our experiments differed from those of Bullock and Cramer and Edmondson, Giltner, and Thom in that they gave the bacteria subcutaneously. Teale and Bach, however, gave both intraperitoneal and intravenous inoculations, but did not study Bacillus botulinus.
Since there were no obvious advantages in the method of cardiac inoculation, and since it was attended by some immediate mortality, it was discarded for the simpler intraperitoneal route. However, the single experiment upon washed organisms by this method was equally discouraging, as seen in Experiment 4 (Table I) .
Experiments with Organisms Detoxified by Alcohol.
Following Bronfenbrenner and Schlesinger's (17) report that ethyl alcohol destroys botulinus toxin, we decided to try this method of detoxification. 10 cc. of the original concentrated suspension were mixed with 10 cc. of 50 per cent ethyl alcohol and allowed to stand 10 minutes at room temperature, then diluted to 100 cc. with normal saline solution to stop the action of the alcohol, centrifugalized, washed once, and made up to 20 cc. with normal saline solution. Thus, in addition to treatment with alcohol, these organisms received two extra washings, making sixteen in all. The concentrated alcoholtreated suspension so obtained was one-half the concentration of the original, less the organisms lost in washing. In view of the possibility of killing vegetative forms with the alcohol, comparable dilutions were made of the original and the alcohol-treated suspensions and similar amounts were inoculated into deep agar, but the growth from the alcohol-treated organisms was approximately the same as that from the original.
In Experiments 1 and 2 (Table I) it was found that 0.2 cc. of 1:100 diluted suspension was pathogenic in some cases; in Experiment 7 (Table II) 2 cc. of 1:50 dilution (equivalent to 2 cc. of 1:100 of the original) were on the borderland of infectivity. It seems, therefore, that the alcohol reduced the toxicity of the suspension to one-tenth its original value without injuring the organisms.
As will be seen from Table II , little if any effect was obtained from using calcium chloride, though in Experiment 6 the animal receiving calcium died promptly, as if by "defense rupture." However, in Experiment 7 a slightly greater dilution of the suspension gave an inconclusive result; one control developed no symptoms, and one died, while the results with the animals receiving calcium chloride were fair duplicates of those with the controls. Experiments 8 and 9 indicate that a dosage only slightly below that occasionally producing symptoms is certainly not influenced by calcium chloride.
Experiments with Heated Organisms.
As an alternative method of reducing the toxicity of the washed organisms from time to time as needed, samples of the original concentrated suspension were placed in test-tubes and heated in a water bath at 80 0 C. for 15 minutes. As has been repeatedly shown, botulinus toxin is very susceptible to heat; Orr (15) found that 2 minutes at 80 0 C. was usually sufficient to destroy it. Heating for 15 minutes The data in Table III indicate that the heated spores of Bacillus botulinus 80 were able to produce the disease when given intraperitoneally, but that the doses given by mouth had no effect.
In the experiments recorded in Table III no effect could be attributed to the calcium chloride, for while Guinea Pigs 36 and 37 died considerably sooner than the controls, they were both underdeveloped; furthermore, the negative results with several other animals tend to offset these two.
The infective dose of the heated organisms was about twenty times that of the alcohol-treated, owing probably to the elimination of vegetative forms in the heated suspension, but possibly in part to destruction of final traces of toxin.
Bacillus botulinus was isolated from the heart's blood procured at autopsy in two of the cases in Table III . This is not a common finding, but has been reported in the literature (13, 15) . We attach no great significance to the occurrence of Bacillus botulinus in the blood in our cases (two guinea pigs and one rabbit), since the animals in each instance had been dead several hours before examination and there is no satisfactory evidence that the organisms were circulating in the blood stream at the time of death. Two guinea pigs were autopsied immediately following death from botulism, and several cubic centimeters of blood aspirated from the heart. Both samples were negative for Bacillus botulinus. One of us in other experiments has made numerous heart's blood cultures from animals dead or dying from botulism with uniformly negative results.
DISCUSSION.
The purpose of these experiments was to study the action of calcium chloride in initiating "defense rupture" to Bacillus botulinus. No such action has been demonstrated, although the doses given were sufficiently large to cause induration and in some cases sloughs by the subcutaneous route.
As previously noted, the present work differs from that of Edmondson, Giltner, and Thom (2) in the details of injection of organisms and calcium chloride, but it scarcely seems probable that these differences can account for the discrepancy in results. It is possible, however, that the difference can be explained upon the basis of strain variability. The forenamed authors were careful to state that one of the strains with which they worked showed rather inconstant results.
We have confirmed the statement of Orr (15, 16) and of Edmondson Giltner, and Thom (2) that toxin-free spores of Bacillus botulinus are able to produce botulism on injection. We were unable to demonstrate this by feeding the spores; it seems, therefore, that the possibility of human disease contracted from eating freshly cooked food contaminated with Bacillus botulinus would be slight, as suggested by Burke, Elder, and Pischel (18) .
It has been found that botulinus organisms washed as many as fourteen times and free from diffusible toxin are still highly toxic to guinea pigs. Treatment of the organisms with alcohol reduces the toxicity out of all proportion to demonstrable injury to bacteria.
The course of the disease in experimental animals has been almost unpredictable. Sometimes a guinea pig that shows marked symptoms after 4 to 5 days will go on to recovery; in other instances an animal progressing favorably will take a sudden turn for the worse and become prostrated within a short while. Occasionally an animal will show no symptoms for 10 days or 2 weeks, then be taken severely ill and die within 24 hours. These sudden unforseen fatalities have been interpreted by competent observers as due to thrombosis or embolism.
In diagnosis reliance has been placed largely on muscular weakness, noticed especially in flaccid, dragging abdomen, hollow flanks, and difficulty in walking. Later the animals often show dyspneic respiration and dribbling salivation. At autopsy the lesions are not altogether distinctive; perhaps the most constant finding is hyperemia of the lungs and pericardium, and sometimes hemorrhages in these localities. The liver may be engorged, the spleen, kidneys, and brain hyperemic, and the mesentery and intestines occasionally injected. SUMMARY.
1. Calcium chloride given subcutaneously, intraperitoneally, or intravenously has been found to have no effect upon the production
